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SUMHARY

Aerodynamic tests of a 12.208-foot-diameter two-
blade hollow steel propeller before and after alteration
for thermsl de-lcing have been made in the Langley -
16-foot high-speed tunnel to determine the effect of
the alterations on propeller efficiency. The propeller,
which had Clark Y blade sections, was tested on a 2000~
horsepower dynamometer at blade angles ranging from about
259 to 60° at the lj12-inch radius and at airspeeds
varying from 100 to 1125 miles ner hour.

The loss of propeller envelope efficiency due to
the tip alteration without Internsl air flow amounted

to about 1% percent at the lower wvalues of gdvance

ratio and decreased to asbout % percent at an advance

ratio of 2.8, The over=all loss of propeller efficiency
due to the tip alteration with internal air flow amounted
to about 3 percent at the lower values of advance ratio

and decreased to about % percent at an advance ratio

of 2.8, An increase in helical tip Mach number from
0.75 to 0.88 had little or no effect on the loss of
propeller efficiency caused by the internal air flow.
The coefficient of mass flow of de-icing alr increased
with propeller advance ratio and decrased with increase
in rotational speed for the particular thermal de-icing
nropeller used in the tests. - i T

INTRODUCTION

The hazérds due to the formation of ice on propellers
are becoming increasingly serious for large multiengine
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alrvlanes for which cruilsing efficiency and propeller
unbalence on long flights are important, The trend of
propeller design for alrplares of this type is more

and more toward propellers of large dlameter and_ low
rotational speed. De~icing methods used with moderate
success in the past on relatively small propellers have
been found inadequate for the large-diameter propellers,
The alcohol slinger ring used for de-icing in the past
presents the difficulty of obtaining adequate blads
caverege for the larger, slower-turning propellers.

The use of anti-icing pastes and lacquers on propeller
blades is 8 simple sclution to the problem, but the
effectlive service life of such compounds 1s known to

be short. A positive method of de-icing the propeller
at all times of operation would be more desirable.

There has been appreciable developmant during the past -
few years of electrical de-iclng propellers which have
hub generators supplying current to conductive rubber-
heating elements cemented to the blades. The energy
per onit welght of the hub genorator used in these
propellers is proporticnal to the rotationsal speed,

so that a heavier generdtor would be required for
propellers of slower rotation and large dlameter,

Should slip rings be used to supply electrical heating
to the lerger blades the energy reguired might be beyond
the cepaclty of the normal aircraft electrical system,
and an auxiliary generator sngine would be necessary.

A logical method of propeller de-icing seems to be
one which mekes use of the heat In the engine sxhaust
gases. Thils heest might be use¢d by passing the engine
exhaust through heat exchengers from which hot. air could
flow to e hollow hub and thence through. openings in the
blade shanks to the tips of hollow steel blades. _The
principal alteration of the propeller necessary to permit—
this flow of heated air is the »rovision of openings, or
nozzles, at the tips of thse cropeller blades to allow
the heated ailr to pess into the slipstream. The purposs
of the present teats 1s to determine the effects of such.
tip modifications on propellsr performance and algso the
effects of the internal air flow on propeller performance.
No ettempt is msade to simulate the complete de~lcing
system. The tests were made in the Langley 16- foot
high-speed tunnel,

A theoreticel enalysis of the losses assoclated
with a thermal de-icing propseller of the type tested
was consldered too voluminous to be included herein. The
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theoretical treatment is presented in reference 1,
which correlates the calculated with.the experlmental
results presented herein.

APP ARATUS

Propeller dynemometer.- A 2000-horsepower propeller
dynamometer with & rated speed of 2100 rpm was used
in testing the propellers. Figures 1 and 2 are photo-
graphs of the dynamometer with the test propeller in
1ts normal unaltersd condition (without tip openings)
in the test sectlon of the wind tunnel. The dynamometer
is powersd by two 1l000-horsepower electric motors
arranged in tesndem and coupled for the present tests
so that the power of both motors could be expended through

a single propeller. The motors are supported in a
housing in such a way that their ceaesings are free to
rotate and also free to move axlially wlth their shafts.

The axial and rotational movement 1s restrained by
pneumatic pressure cepsules, thrust and torgque being
vroportional to the pressurs required to restrain the
mation. A more detailed description of the dynamomster

is given in reference 2. The nose spilnner and two propellsr
spinners described In reference 2 were not used in the
present tests; the propeller hub was left exposed to

the ailr stream about 1 Iinch forward of a nose cowling
rigldly attached to the dynamometer fairing. The outline

of thls nose cowling may be seen in figure 3, which is

a sketch showing principal dimensions of the dynamometer

in the test section of the wind tunnel.

Propeller blades.- The propeller used in the tests
consisted of two Curtiss hollow steel blades with Clark ¥
sections, design number 71L-1C2-12, fitted to a four-way
hub. This combination gave a propeller 12.208 feet in
diameter. The two unused hub openings were filled with
solid dural blanks. Blade-form curves are shown in
figure I with the location of the tip nozzle indicated
on the developed plan form. Photographs of these tip
openings, which are in the cambered face of the blades
near the trailing edge, are shown in flgures 5, 6, and 7.
Pigure 8 is a sketch showing the wey in which the hollow
steel blade tips wers cut to form the nozzles, which were
enlarged by =a small bulge in the cambered surface of each
blade. Each tip nozzle had & cross-sectional area of 0.65
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square inch, making the total nozzle area for the two
blades 0.0090% squmrre foot. The tip nozzle was =&
manufacturer's deslgn and was believed to be of—
sufficient size to permit adequate de-icing #ir flow
through each blade; however, the gusntity of de-icing
alr flow required has not bsen definitely sstablished.
Recent indicetions ars thiat the tip nozzle in the blsesdes
tested was larger then necsessary.

Meterling orifice.- Inesmuch es the purpose of the
nrosent tesfs wes only to dectermine the offects of the

tip modifications ard of the internal air flow on »propeller

nerformance, no attempt wes mede either to heat the
"de-1lcing =air! or to control the rate of flow. This
de-icing air was admitted through a bsllmouthed orifice
in the front—of the propeller hub end then vassed through
8 Y~duct Into. the blade shenks. From the shanks the

alr flowed through the hollow bladss from hub to tiwo

and thence through the tin onweninag into the propsller
slipstreem, Figure 9 1s a nhotogrsoh of the propeller
hub with the bellmouthed orlfice ettached, The orifice
is 1.25 inches in diamoter, snd a static-nressurec tube
loceted in the orifice has a diameter of 0.25 inch. The
resulting orifice area is 0.00818 square foot. ' The
static-pressure tube loceted in the orifice was neccgsary
to detormine the internel mass flow, ' "

Pressurc gssl.- The pressurce lead from the static
tube extendsd through the hollow shaft of the dynamometer
and rotated with the shaft. The pressure was transmitted
from the rotating shaft by means of a small stesl tube
(0.050-1nch diamoter) turning in a soft rubber ssal
slightly lubriceted with glycorinm. This seal operated
very satisfactorilly during the entire series of tosts.

Figure 10 is a sketch of a section through thw bellmouthed

orifice, nroneller hub, hollow stcel blede, dynemometer
shaft, and pressure seal showing the complete path of the
internsal flow and the mesns of messuring the intoerrnel
mass flow. Static pressure In the orifice wes measured
by & micromanometaer referenced to atmospheric pressure

as indicated 1in figure 10,

TESTS

The vropeller wss tested in three conditions: first,
as a normal nropeller without tip openings; second, as a
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propeller with tlp openings but without de-icing air flow;

and finally, as a propeller with de-icing air flow. In S

each condition the proneller was overated at a series of
fixed blade eangles ranging from aspnroximately 250 to

60° at the Li2-inch radlus. Blade angles at the three-
quarter (Sh-inch) radius are less by 6,1°, Each test
was made at & constant rotational speed, and a range of
sdvance retlo was covered for esch blade angle by
changing the tummel airspeed which was varied from about
100 miles wer hour to 1125 miles per hour,

The propeller used for the tests is & Curtiss
propeller designed for application to a large bomber,

This propeller has three blades, is 19 feet in diameter,
end has a rotational speed of 784 rpm at bteke-off and
military power. At normal power, the rotational speed
is 7LO0 rpm. By operating the test propeller at 1240 rpmn,
tip speeds were obtained whieh equaled those obtalned

with the 19-foot-diameter propellsr turning at 784 rpm,

At the higher blade angles the dynamometer would not

deliver sufficient torgue to cover the complete range

of advance ratio at 12L0 rpm, end therefore the test
rotational speed was reduced to a lower value to provide
data at the lower vaelues of eadvance ratio. A rotational
speed of 1000 rpm was used for btests at blade sngles of

50° and 559; a rotational spmeed of 800 rpm was used for
tests’ at a blade angle of 60°; and tests at the remaining
blade angles of 25°, 309, %59, L0©, and ;50 were made at

the rotational speed of 1240 rpm, The propeller was

also tested at 50 rpm for blade anglaes of 30% and 35°, At
thils rotational sneed the propeller tlo Mach number was |
approximately the same as that for the large bomber ~
propeller for the high-speed condition at 35,000 feet
altitude. These tests at 1150 rpm were made to determine
the effect of the lnternal alr flow on proneller sefficlency
under conditions conducive to compressibility loss.

The mass flow of de-icing alr was measured during
all tests of the propeller with de-icing air flow. At
each blade angle, a few measurements of de-lcing air flow
were made at several rotational speeds but at a econstant
value of advance ratio, For these tests, values of
advance ratio were chosen so that a blede section at the
tlp would overste at approximately zero angle of attack
to minimize the sffect of aerodynamic suction at the
tip opening, Also, the mass flow of de-icing air was

measured over a range of tunnel airspeeds with the =
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dynamometer motors not operating and with the propeller
bledes set at 88. 7 at the ll12-inch radius. In this condi-
tion the propellsr was fres to windmill, but the -
rotational speed wag very small so that the advance '
ratio was nearlv‘infinite. -

REDUCTION OF DATA

Symbols.~ The test results corrected for tunnel-
wall Tnterference are presented Im . the form of the usual
thrust and power coefficienis and propeller efficiency.
The mass flow of de-~icing air determined from the test
data 1s alsco prssented in cosfrlilcient form. The symbols
and definitions used are as follows:

Ay area of metering orifice, squaré feet
Ay - total tip-nogzle area, square feet -
v airspeed, free stream, feet per second
Va wind-tunnel datum velocity, feet péf-s;cénd
Vi : "veloclty of ailr leaving nozzle, feet per second
Vo velocity of air in metering orifice where arsa
is Ay, feet per second :
p mass density of air, free strean, slugs per
cublc foot : ’ 3
pN mass densilty of internal flow st the nozzle,
slugs per cubic foat .. ... —
Pe mass density of air in metering orifice where
' Vo ©Xlsts, slugs per cublc foot
Py - static pressure In mstering orifice where V,
exists, vounds wer square foot
Pg atmospheric pressure, pounds psr squsre foot
Ap pressure change in metering arifice (Ap = pa - Pa)s

pounds per square foot
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sure loss scross the internal flow system,
sounds per square foot

namic pressure at thoe nozzle, pounds per

squeare foot <%9NVN%>

atmospheric temperaturs, °F absolute

acceleration due to gravity (32.2 £t/sec?)
universal ges constant (5%.3L ft-1b/ib °F for_éir)
ratio of specific heats (1.L0 for air)

Mach number

propeller rotational specd, rps

propeller dlameter, feet

vropellsr advance ratio (V/nD)

nominal propeller advance ratio based on
tunnel datum veloclty

Glauert'!'s velocity correction for wind-tunnel
wall interference (V = uVz; J = pdg)

fraction of propeller tip radius

blade sngle, degrees

blade sectlion maximum thilckness, feet
blade chord, feet

povwer ebsorbed by the propeller, foot-pounds
ver sscond

power coefficlent (P/pn5D5)
propeller thrust; pounds
thrust coefficient (T/pnznu)
propeller efflcisncy (%%Jj
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m mass flow rate of de-icing air, slugs per
second

Mg coefficient of mass flow of de-icing air
(m/p AynD)

Correction for wind-turmel wall interference.- When
a propeller operates In an alr stream constralned by
wind-tunnel wells, the veloclty indicated by the wind-
tunrel calibrated orifices 1is greater than the veloclity
in free air at which the proveller would produce the
same thrust and torque at the same rotational spead as
used in the wind tunnel. A correction must bs applied
to the tunnel datum velocity to obtain the corresponding
free-stream sgirsneed. Gleuert, in reference 3, hes made
an analysis in which he shows this correction to be a
function of the ratio of propeller thrust to dynamic
nressure, or ratlo of thrust coefficient to nominal
edvance raotio. The éguivalent free alrspeed hes been
determined experimentelly and found to agreo well with
vealues calculated from Gleuert'!s equation; hence only
the theorctlical correction has been used Tor the dsta
obteined in these tests. A plot of Glauert's veloclty
correction for a nropeller 12,208 feet in dismcter
ooereating in a l6-foot-diameter c¢losed jet tunnel is
shown in figure 11l. Also in figure 11 1s a curve
showing valuss of advance ratio for the normal Dropeller
a2t the pesk cefficiency condition plotted ageinst the

ratio CT/Jd?' The curves show that for the poak

efficlency condition the correction for wind-tunnel wall
interference smounted to less than 2 percent at all

values of adveance ratio sbove 0.86 and to less than

1 percent at all valuss ebove 1l.0. The mseximum corrsction
for any condition of opsration wes anproximately 6 percent
(lowest velue of advance retio for tho lowest blade angle).

Definition of prowsller thrust.- Propellcr thrust,
as used herein, 1is deflned as tho Increase in shaft
tension caused by the rotatlon of Lhe propeller and
hub in the air streesm,

Definition and determination of the coefficient of
mass flow,- In order to be consistent with other
propcller coefficlents, the coofficient of mass flow of
de-icing air 1s definvd as follows:

Yo I|I| 1
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(1)

by continuity the mass flow m at the tip nozzle is

m = A0V ' (2)

where Ay, pgs and Vg are the area, density, and

velocity at the metering orifice. If reversible -
adiabatic flow 1ls assumed, the density at the metering
orifice may be expressed in terms of measured values

of the pressure differential Ap and the total pressure
and temperature. In the wind tunnel the total pressure -
in the throat is equal to the statlc prgssure in the
quiescent chamber or essentially equal to atmospheric
nressure (barometric nressure). Also, the stagnation
temperature in the throat is equal to the temperature

in the gulescent chamber. The density at the ;etering
orifice, therefore, may be expressed as follows:

1
_ Pg Ap\ ¥ .

The velocity at the metering orifice may be expressed
in the same terms as those used in equation (3) by use
of Bernoulll's esquatlion for compressible adlabatic flow.

Solving for veloclty glves the equation . - e

e mh BT W

Substituting the expressions for density and veloclty
(equations (3) and (L)) into equation (2) gives

_ Py ap\ & 27\ .. - - ERYT (5
m—AOgRtaQ-Pa>Y <Y—lg? \/E; t Pa
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Simplifying snd expending this equation results in the
following expression:

- 2y Ag - An\
m= A, o= Dem \/___\/o . 285 O. 503 (

RESULTS AMD DISCUSSION

Falred curves are presented of thrust coefficlent,
vpower coefficient, nroveller eofficiency, and the coefllicient
of mass flow of de-icing ailr plotted ageinst advance
ratio. In the figures glving thrust coefficient, power
coefficient, snd coefficlent of mnsss flow of de-icing
a2ir, the test points are shown. Data for the normal
rroveller are shown in figures 12 to lh data for the
altered propeller opsrating without de- ~icing alr flow L
sre shown in figures 15 to 20; and deta for the propeller .
operating with de~icing alr flow are presented in figures
21 to 30. Figure 31 is included to show the variation of
air-stream Mach number and helicel tip Mach number with
advance ratio for the different rotationel speads used
in the tests. The envelope curves of propeller efficisncy
for the three condltions of the progeller are compared
in figure 32. ' ’ : ' T

4ccuracy.- The results obtalned from several ropeat.
tests ol the nropeller in the three conditions of
operation agreed with the »presented results within 1
vercent. For purposes of comparlson, therefors, the

data are vresentoed as accurate to within 1 psrcent and ' e

the faired envelovnes &8 .accursate to within much closer ) -
limits.

Effect of tin alteration.~ A comparlson of Figure 12

with Tigure 15 shows that cutting the blade tivps to _ -

nrovide - Oneninps reduced the wropeller thrust. The . _m__j

tip alteration hsd only e small effect on power sbsorption,
as shown by a comparison of the vowsr coefficient curves

in figure 1% with those in figurs 16. Figurs 32 shows

thet the loss of thrust caused a loss of propeller

efficiency amounting to about lé percent at the lower

values of advence ratio, decreasing to about~£ percent—
at an advance ratio of 2.8. 2
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Bffect of internal air flow.- The flow of de-icing
air had only a small eflfect on the propeller thrust and
power coefficients. This effect is shown by comparing
the thrust- and power-coefficlent curves in figures i5
and 16 with those in figures 21 and 22. A comparison of
the envelope curves of propeller efficlency in figure
32 shows that the additlonal loss of efficlency caused by

the Internal alr flow amounted to about % percent or

less over most of the range of advance ratio. At some of
the lower values of advance ratio, however, this loss

was as much as l% percent.

Effect of compressibility.- A difference in the

slope of both the thrust- and power-coefficient curves at

the different test rotational spseds may bse seen in
figures 12, 1%, 15, 16, 21, and 23%. This difference may
be due to & change in the charsacteristics of the blade
sectlons with chenge in Reynolds number or, more likely,
with change in Mach number; however, the veslues of peak
efficiency were little affected. C

Although the helical tip Mach number of the propeller )

was from 0.8l to 0.88 in the tests made at thO rpm,
the loss in propeller efficilency caused by the tip
alteration wes gbout the seme for these tests as for
the tests made at 1240 rpm (helical tip Mach number
sbout 0.75). Figures 18, 19, and 20 show the thrust-
coefficient, power~coefficient, snd propeller-efficieincy
curves for the tests made at lﬂSO rpm without de-icing
air flow., The data for the condition with de-icing air
flow at 1Uj50 rpm ere shown in figures 2, 25, and 26,
The values of propeller efficilency shown in figure 26
indicate that the lcss in efficiency caused by the
internal air flow was little or no greater at the high
tin speads than at the lower tip spoeeds.

Coefficlent of mass flow of de-licing air.- Figures
27 end 20 show the veriation of the coefficient of mass
flow of de-icing air with advence ratio for the different
rotational spseseds and blade angles used in the tests.
relation between coefficlent of mass flow and advance
ratio may be expressed by the following equation which
is derivsd in rsference 1l: )

The
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Py X J2 )
(; ;) gAp (equation (27) of reference 1)
it +
Apf
where 7;— is the Internel pressure loss expressed as a
N

ratio to the dynamic pressure of the nozzle joet. The
internal loss is the comblned resistance offered to the
internal flow by the skin friction of the interior surface
of the blades; by turbulencse introduced in the flow by
gbrunt turns, sharp corners, end poor nozzls shave; by
inefficlent diffusion, and by changes in flow pattern
with rotstional svweed typical of centrifugal blowers.
Curves of the form delined by the foregoing equetion were
fitted to the test data presented in figurss 27 and 28,
and values of the constants were cstablished eas follows
(from fig. 8 of reference 1):

Rotational Ape oy

speed . a4

(rpm) N

11,50 1.465 | 0.925

12L0 1.270 L2

1000 1,092 .955

800 + 998 .963
0 .9%0 .986

The fitted curves are presented as dashed lines 1in
fipgures 27 and 28. The close agreement between the
trends of the dats and the fitted curves indicates that
the form of the equetion is satisfactory.

The effect of rotaticnal speed on the mass~flow
coefficient is shown in figure 29, which preosents the
data for the tests made at several rotational spcads
but at constant velues of advance ratio. An increase
in rotationsel speed is accompanied by a decrease in the
coefficient of mass flow, dus perhaps to an incresase in
the internal pressure loss. This effect may possibly be
explained by changes of the intsrnal flow pattern with
changes in rotational sveed #nd blade angle. Figure 30
shows the mass~flow date obtained 1n the test made ,
with the »ropeller feathered and the rotational ' -
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speed almost zero. When the rotational speed 1is zero, the
advance ratlo becomes infinite; and the squation for the
mess~flow coefficlent from reference 1 may be revised as
follows:

Also,

mc m

—J" B P ANV

m
The curve in figure 3C shows thet the value of Tf for

the thermal de~icing wropeller tested was constant

at 0.705 over most of the speed renge, end it may be

Apf pN -
concluded that ?;— and N did not chenge within the
N

renge of these tests., L
CONCLUSIONS B

High-spesd wind-tumnel testsg of a full-scale two-
blade oropeller with a tip modification to permit air
flow through the hollow steel Llsdes for thermal de-icing
led to the following conclusions:

l. The loss of »ropeller envelope efficiency due to
the tip alteration without flow amounted to ebout

1% rercent at the lower values of advence ratio and

decreased to about % percent at sn advance ratio of 2.8.
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2. The over-all loss of propeller envelope efficiency
due to the tip alteration with de-licing air flow amounted
to about 3 percent at the lower values of advance ratio

ang decreased to about % percent at an advance ratio of
2. *

%5, An increase in helical tip Mach number from 0.75
to 0,88 had 1ittle or no effect on the loss of propeller
efficiency caused by the internal air flow,

li. The coefficient of mass flow of de-icing air
increased with increase in propeller advance ratio and
decreased with incresse in rotational smeed for the
particular thermsgl de-icing »ropeller used in the tests,

Langley MNemorial Aeronautical Laboratory
National Advisory Committee for Aeronsutics
Langley Field, Va., May 7, 1946
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Figure 1.- Bropeller dynamometer mounted in test section, Normal propeller.
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Figure 2.- Propeller dynamometer mounted in test section. Normal propeller,
tunnel open.
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Figure 4.- Blade form curves for Curtiss 7/4-/C2-/2
propeller. '
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Tip opening in blade 1.
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Figure 6.- Tip opening 1in blade 2.
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Blade 1 Blade 2-

Figure 7.~ Trailing-edge view of tip openings in blades 1 and 2.”
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FIGURE 8 .- AFFROXIMATE DIMENS/ONS OF THE TIFP OFPENING
IN THE CURTISS 7/4-/C2-/2 FPROPELLER.
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Propeller hub and metering device.

*oN NI VOVN

TT1T

‘314

6




NACA TN No. 1111 S . Fig. 10

~TIP NOZZLE

HOLLOW STEEL BLADE

050 DIAM, STEEL TUBE
ROTATING IN
SOFT RUBBER
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STATIC~PRESSURE TUBE Top=p,-P,

U
~
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- COMMITTEE FOR AERONAUTKCS

FIGURE 10— PATH OF INTERNAL FLOW THROUGH THE PROPELLER AND THE INTERNAL- MASS-FLOW METER.
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Figure II.— Glauert’s factor for correcting wind
tunnel datum velocity to equivalent free
airspeed for a 12.208- foot- diameter propeller .
in a closed 16-foot circular test jet.
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Figure 13— Varigtion of power coefficient with odvance ratio, Nermol propeller.
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Figure 14— Variation of propelfer efficiency with advance ratio, Normal propeller.
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" Fropeller with de-rcing qir Flow ; rofafiona! speed, 1450 Fpm.
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Figure 25.—Varralion of /he power coefficient with adverce

rafso. FPropeller with de-icing air flow, rolational speed, 1450 rpm.
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Figure 26— Varsalson of propel/er efficrency with advance rafso,
Propelfer with de-icing air Flow; rolalional speed , 1450 rpm .
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Figue 27— Variation of the coefficien! of moss flow of de-icing air with odvence ralio .

*374

43

*ON NI YOVN

Tttt




2.2

20

™
)

sy

o Blade angle at #2-ch radhus 29.9°

" E/Iadel dh%/e alf '4-|2-e/}r/7 radyys 35.3°
\--Ca/cu/a/z.-d from eguation (Z1) of reference /

Mass Flow coefficient , m,
N )

I

# 6 8 /0 L2 I /£6 /8

Advonce rol/o , J
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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